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Quantum teleportation [1] , has recently attracted considerable attention as the means of disembodied transfer of an unknown quantum state. Besides being a new fundamental concept in quantum physics, it is also relevant for such applications as quantum computing and quantum memory. Experimental realizations of quantum teleportation have so far been limited to teleportation of light [2] , [3] . Since quantum information processing involves material particles such as atoms and ions, teleportation of atomic states will be the next important benchmark on the way to obtaining a complete set of quantum information processing tools. Several proposals for teleportation of atoms onto atoms and atoms onto light have been published recently [4] .
We propose here a set of protocols for teleportation of a collective spin state of a macroscopic atomic sample. Our teleportation procedure does not require strong coupling of a single atom with light, and does not therefore involve high-Q cavities. We also consider a variation of the procedure that provides swapping of the spin states of two atomic systems.
As in the e.-m. field quantum teleportation of Refs. [5, 3] , the protocol for quantum teleportation of spin proposed here relies on the continuous entanglement of the Einstein-Podolsky-Rosen (EPR) -type output of an optical parametric oscillator (OPO) below threshold. For parametric gain r (r > 0) the quadratures of the two modes of the EPR state satisfy the following relations:
whereX v ,Ŷ v describe a vacuum mode.
As was pointed out in the original teleportation proposal [1] , it is imperative to be able to perform joint measurements on the quantum state to be teleported and one of the EPR states. We propose to use off-resonant atom-photon interaction to achieve this goal. Such interaction as a probe of the quantum state for atoms with total ground state electronic angular momentum equal /2 has been analyzed in Ref. [6] , and recently has been shown to be suitable for spin quantum non-demolition (QND) measurements [7] [8] [9] , as well as for generation of entangled samples of atoms [7, 10] . As shown in Refs. [6] [7] [8] [9] [10] the unitary time-evolution operator corresponding to the interaction with light propagating along the z-axis has the following form:
where a is given by a = σ AF γ ∆ α v , σ is the resonant absorption cross section for an unpolarized photon on an unpolarized atom of total spin F , A is the area of the transverse cross section of the light beam, γ is the spontaneous emission rate of the upper atomic level, ∆ is the detuning,F = µF (µ) (summed over all the atoms in the interaction region) is the operator of the collective ground-state atomic spin,Ŝ is the operator of the Stokes vector of the optical field integrated over the duration of the interaction. The dynamic vector polarizability α v = ±1 for the D 1 transition of alkali atoms, while α v = ∓ Interaction (2) leads to rotation of the polarization of the field that is proportional toF z . Subsequent optical polarization measurements provide the classical information in our teleportation protocol. In order to do that, each of the two EPR modes (polarized along the y-axis) is mixed on a polarizing beamsplitter with a strong xpolarized coherent pulse having n 1 and n 2 photons respectively. Then, for the Stokes vectors of the two resulting bright EPR fieldsŜ (1) andŜ (2) we obtain:Ŝ
That is, the spin components of the Stokes vectors of the bright EPR fields are given by the corresponding quadrature operators of the OPO output.
Teleportation of an atomic spin state onto polarization state of light. Let Alice pass her bright EPR beam 1 with the Stokes vectorŜ (1) through the cell containing polarized atomic vapor along the z-axis. The unitary time evolution operator of Eq.(2) in the case of small spin fluctuations inF andŜ ( (∆F z,y ) 2 F , (∆Ŝ z,y ) 2 S) leads to the following transforma-
These equations for interaction of the collective atomic spin with light resemble the beamsplitter relations used for teleportation of a mode of electromagnetic field [5] , [3] . An insightful analysis of why a linear device of a beamsplitter allows to perform joint measurements necessary for quantum teleportation has been given by Vaidman and Yoran [11] . The connection to our atom-light interaction case takes root in the fact that small rotations of a spin on the Bloch sphere around some point are equivalent to displacements in the tangent plane of this point, which can be considered as motions in the phase plane of the harmonic oscillator.
The nonlinear atom-light interaction of Eq. (2) is analogous to the QND-type interaction for the optical quadratures ∼X aXb . Unlike the beamsplitter, which mixes both theX and theŶ quadratures of the two input beams in the same fashion, interaction ∼X aXb mixes only one pair of quadratures (Ŷ a andŶ b ), leaving the other pair (X a andX b ) unchanged. Relations (3) correspond to a 50:50 beamsplitter when
Subsequent (destructive) measurement ofŜ
provides Alice with half of the classical information needed for implementation of "feed-forward" on Bob's bright EPR beam to complete the quantum teleportation. The other half must come from the measurement ofF
Although it is possible in principle to use a completely destructive measurement (e.g., by means of photoionization), experimentally it may be more convenient to employ another QND measurement using an auxiliary coherent pulse. Let us rotate the spin by π/2 around the x-axis, so that a pulse propagating along the z-axis will measureF (out) y . The corresponding transformation iŝ
The first term is negligible if n coh /n 1 1. After Alice sends the results of measurements ofŜ
is achieved by Bob rotating the latter around the z-axis by the angle
and around the y-axis by the angle
. The rotations are equivalent to displacements because the angles are small. We obtain using Eqs.(1)
The last terms in these expressions are due to the extra noise introduced by the imperfect EPR state. This noise goes to zero as r goes to infinity. These terms correspond to the "quantum duty" of the quantum teleportation [5] , as seen explicitly in the case of zero parametric gain, r = 0. Eqs. (6) show that the Stokes vectorŜ out 2 is identical to the initial collective spin vector of Alice's atoms when n 2 2F N = 1.
The teleportation protocol described above may serve as a read-out for quantum memory with the atomic sample as a memory cell. On the other hand, if the process of mapping of the Stokes vectorŜ out 2 onto another atomic spin [12] follows the described atom-to-light teleportation, atom-to-atom teleportation is achieved.
Teleportation of atoms onto atoms. We now describe a protocol which performs the direct teleportation of the quantum state of Alice's collective spin onto Bob's collection of atoms without using light as an intermediate carrier of the quantum state. Suppose we have two macroscopic spin systems (Alice's and Bob's) in the initial states given by collective spin operatorsF A ,F B with mean polarizations F Ax = F Bx and with the other two projectionsF Ay ,F By ,F Az ,F Bz . We also have at our disposal the EPR source of light as described above, with each EPR beam mixed with a strong pulse containing equal photon numbers, n 1 = n 2 = n, polarized along the x-axis, similar to the previous section. Alice's EPR beam is phase shifted by π/2 so that the Stokes operators arê S Az = −Ŝ By ,Ŝ Ay = −Ŝ Bz . The protocol begins with Alice sending her EPR beam along the z-axis and measuring its y -Stokes parameter with the detector D A1 , and Bob sending a coherent x-polarized pulseŜ coh B containing n c photons along the y-axis and measuring its z-Stokes parameter with the detector D B1 (see Fig. 1 ). The resulting atomic states of Alice and Bob are described by the following operators:
In these equations we combined conditions n 1 = n 2 = n and (4), (7) to obtain unity coupling coefficients between F andŜ projections. The Stokes parameters measured by detectors D A1 and D B1 arê
We assume n/n c 1. While the above measurements are performed, the second EPR beam sent by Alice to Bob begins its journey along the quantum channel. 
After that the state of Bob's atoms iŝ
To complete the teleportation Bob now rotates his atomic state. We use displacements instead of rotations to simplify the expressions. Bob's state is displaced along Fig.1 ). The final state of his atoms, according to (9) (10) (11) (12) (13) , is described by the following equations:
and the teleportation of the unknown state of Alice's collection of atomic spins onto Bob's atoms is proven (within a rotation of π around the x-axis). In the above equations we assumed perfect entanglement between the EPR beam components (r → ∞ in Eqs. (1)).
Atomic quantum state swapping. We
, with Stokes operatorsŜ z ,Ŝ y for one of the beams, and −Ŝ z ,Ŝ y for the other. Both EPR beams are mixed with strong beams containing equal photon numbers, n 1 = n 2 = n, polarized along the x -axis in a way similar to the previous section. One of the EPR beams is used for a joint measurement on the z spin components of both samples by sending it through both of them along the z -axis. The resulting states of atomic samples are:
and the state of the beam is
In the above equations we assumed conditions (4),(7) to be fulfilled. Next, the second EPR beam shifted in phase by π/2 is sent along the y -axis of the two atomic samples to perform a joint measurement on the y spin components. The beam is transformed by the phase shift and the change of the direction in the following way
The evolution operator in this new coordinate system isÛ = exp (−iaŜ r yFy ). We obtain Feasibility of experimental realization. The experimental attractiveness of the above protocols relies on the fact that they can be applied to the system as simple as a gas of atoms in a cell at room temperature. The only basic assumption is that the number of atoms in the teleported ensemble has to be much greater than one. The unity coupling conditions (the condition of weak focusing, i.e. weak coupling of light to a single atom). If a collection of, say N = 10 5 , Cs atoms in F = 4 state probed close to the 6S 1/2 ↔ 6P 3/2 , γ = 5M Hz is to be teleported, the following parameters will be close to optimal: the detuning of probes ∆ = 800M Hz, the cell size 10 × 10 × 200µm 3 , and the atomic density n A = 5 × 10 12 cm −3 . The cell size can vary with the optimal size scaling roughly as √ N . The number of photons in EPR pulses should be around n = 8 × 10
5 with the pulse duration longer than 100n sec to avoid saturation effects. With a typical finite bandwidth non-classical light generated by an optical parametric oscillator [13] the pulse duration will also have to be longer than the inverse OPO bandwidth, Γ
−1
OP O ≈ 10n sec to preserve quantum correlations. A buffer gas can be added into the cell and/or its walls can be coated to extend the lifetime of the ground state spin state [14] .
Summary. We propose a set of quantum state teleportation and swapping protocols based on an offresonant interaction of EPR light with macroscopic atomic spin ensembles. The three protocols proposed include (a) teleportation of an atomic state onto a state of light suitable for quantum memory read out (b) teleportation of an atomic sample onto another atomic sample and (c) quantum state swapping of two atomic samples. The macroscopic character of the collective spin teleported unites this proposal with the previous work on quantum state processing with continuous quantum variables of light and atoms [3] , [5] , [15] and experimental approaches towards creating multiatom entangled states [7] , [10] , [12] . The absence of high-Q optical cavities may become an attractive feature simplifying an experimental realization. One possible realization involving a gas of long lived spins of alkali atoms is shown to be accessible. Teleportation between small cells filled with atoms should provide a suitable playground for studies of quantum memory and continuous quantum information processing.
We gratefully acknowledge useful discussions with B. Julsgaard, I. Cirac, P. Zoller, K. Mølmer and I. Walmsley. ESP acknowledges funding from the Danish Research Council and Thomas B. Thriges Center for Quantum Information.
† Present address: NEC Research Institute, Inc., 4 In-
